Objective: Lung contusion is a major risk factor for the development of acute respiratory distress syndrome. Hypoxia-inducible factor-1α is the primary transcription factor that is responsible for regulating the cellular response to changes in oxygen tension. We set to determine if hypoxia-inducible factor-1α plays a role in the pathogenesis of acute inflammatory response and injury in lung contusion. Design: Nonlethal closed-chest unilateral lung contusion was induced in a hypoxia reporter mouse model and type 2 cellspecific hypoxia-inducible factor-1α conditional knockout mice. The mice were killed at 5-, 24-, 48-, and 72-hour time points, and the extent of systemic and tissue hypoxia was assessed. In addition, injury and inflammation were assessed by measuring bronchoalveolar lavage cells (flow cytometry and cytospin), albumin (permeability injury), and cytokines (inflammation). Isolated type 2 cells from the hypoxia-inducible factor-1α conditional knockout mice were isolated and evaluated for proinflammatory cytokines following lung contusion. Finally, the role of nuclear factor-κB and interleukin-1β as intermediates in this interaction was studied. Results: Lung contusion induced profound global hypoxia rapidly. Increased expression of hypoxia-inducible factor-1α from lung samples was observed as early as 60 minutes, following the insult. The extent of lung injury following lung contusion was significantly reduced in conditional knockout mice at all the time points, when compared with the wild-type littermate mice. Release of proinflammatory cytokines, such as interleukin-1β, interleukin-6, macrophage inflammatory protein-2, and keratinocyte chemoattractant, was significantly lower in conditional knockout mice. These actions are in part mediated through nuclear factor-κB. Hypoxia-inducible factor-1α in lung epithelial cells was shown to regulate interleukin-1β promoter activity. Conclusion: Activation of hypoxia-inducible factor-1α in type 2 cell is a major driver of acute inflammation following lung contusion. (Crit Care Med 2014; 42:e642-e653) Key Words: cytokines; hypoxia-inducible factor-1α; lung contusion; oxygen-dependent degradation domain luciferase mice; type 2 cells L ung contusion (LC) is the most common reason for hospital admission following thoracic trauma from motor vehicular accidents and is also a major cause of mortality/morbidity following explosive blast injuries in military and industrial settings (1). In its most severe forms, LC is associated with acute respiratory failure, manifesting as clinical acute lung injury (ALI) and acute respiratory distress syndrome (ARDS), and is also an independent risk factor for ventilator-associated pneumonia (1-3). Our laboratory has previously studied the time course and pathophysiology of isolated LC induced by closed-chest blunt trauma in rodent models (rats and mice) to replicate several clinical features of LC injury (4-11).
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Hypoxia, a decrease in available oxygen reaching the tissues of the body, has profound cellular and metabolic consequences. The cellular response to hypoxia is regulated by a family of transcription factors called the hypoxia-inducible factors (HIFs) (12, 13) . HIF is composed of two subunits: α subunit (HIF-1α or HIF-2α) and β subunit (HIF-1β). HIF-1α activity is primarily regulated by the abundance of the α subunit. Under hypoxic conditions, HIF-1α is stabilized and translocates into the nucleus where it dimerizes with HIF-1β and activates downstream target genes containing hypoxia-response elements (HREs) within their promoter or enhancer elements (14) . These genes include the genes for glycolytic enzymes, sugar transporters, and proangiogenic and inflammatory factors (13, (15) (16) (17) . HIF-1α has also been shown to modulate inflammation indirectly by influencing the nuclear factor (NF)-κB signaling pathway (18, 19) .
Recently, inhibition of HIF-1α was shown to ameliorate lung injury induced by trauma and hemorrhagic shock in rats (20) . However, the role of HIF-1α has never been examined or investigated in clinical states characterized by hypoxia, such as LC, ALI, or ARDS.
As hypoxia is an important physiologic attribute of LC, these studies were undertaken to test the hypothesis that hypoxic activation of HIF-1α plays a key role in the generation of acute inflammatory response following LC. The primary role of the alveolar epithelial cells in the initiation and maintenance of ALI remains perplexing. For the longest time, these cells were considered primary targets of injury rather than mechanistically active cells capable of production of key regulatory products including cytokines. Recent reports do suggest that these cells are biologically active (21) . However, it is not clear how the AEC regulates the initiation of injury and inflammation. Therefore, we sought to define the specific role of HIF-1α activation in type 2 AEC in defining the inflammatory response.
MATERIALS AND METHODS
Additional experimental details are available in the online digital supplement (Supplemental Digital Content 1, http:// links.lww.com/CCM/A983).
Animals
Male, age-matched (6-8 wk), wild-type (C57BL/6), oxygendependent degradation domain (ODD)-luciferase mice and HIF-1α (+/+) and HIF-1α (-/-) mice (Jackson Laboratories, Bar Harbor, ME) were used in this study. All procedures performed were approved by the Institutional Animal Care and Use Committee at the University of Michigan and complied with state, federal, and National Institutes of Health regulations. The number of animals used for different experiments varied from 3 to 14 mice, and a detailed summary is provided for each experimental strategy.
HIF-1α (+/+) and HIF-1α (-/-) Conditional Knockout Mice
Triple transgenic mice were created by mating HIF-1_flox/flox and SP-C-rtTA_/tg/(tetO)7-CMV-Cretg/tg transgenic mice. The generated mice, SP-C-rtTA_/tg/(tetO)7-CMV-Cretg/tg/ HIF-1_flox/flox, are capable of respiratory epithelium-specific conditional recombination in the floxed HIF-1α gene upon exposure to doxycycline (22, 23) 
Murine Model for LC
Male, HIF-1α conditional knockout (cKO) [triple transgenic mice (SP-C-rtTA-/tg/(tetO)7-CMV-Cretg/tg/HIF-1α flox/ flox)] and control mice (20-25 g; 6-8 wk; bred in-house) were anesthetized and LC was induced as described by Hoth et al (24) and subsequently modified by our group (9, 10, 25) .
Quantitative Analyses of Oxidation Markers by High-Performance Liquid Chromatography Tandem Mass Spectrometry
The protein bound, oxidized amino acids dityrosine, and nitrotyrosine were measured by high-performance liquid chromatography tandem mass spectrometry (HPLC/MS/MS) using a triple quadruple mass spectrometer as described previously (26) .
Immunofluorescence Staining
Mice lung sections were prepared and stained as previously described (25) (see more details in the Supplementary Method, Supplemental Digital Content 1, http://links.lww.com/CCM/A983).
Histopathology
Mice lung specimens harvested at the time of death were fixed in 10% formalin, sectioned, and stained with hematoxylin and eosin. Slides were evaluated by an experienced pathologist and graded for the presence of interstitial neutrophilic infiltrate, intra-alveolar hemorrhage, and pulmonary septal edema, as described previously (25) .
Preparation and Isolation of Type 2 Alveolar Epithelial Cells From Mice
Crude cell suspensions were prepared from male HIF-1α (-/-) and control mice after LC (27) (see more details in the Supplementary Method, Supplemental Digital Content 1, http://links. lww.com/CCM/A983).
Transfection and Luciferase Assay
Using Lipofectamine 2000 (Invitrogen, Carlsbad, CA), human lung epithelial cell line A549, grown in Dulbecco's modification of eagle's medium/F-12, was cotransfected with 200 ng of pGL3 containing 1KB promoter of human interleukin (IL)-1β or human IL-1β promoter with HRE deleted 50 ng of pcDNA-lacZ and 100 ng oxygen stable HIF-1. Thirty-six hours after transfection, cells were lysed in 200 μL reporter lysis buffer (Promega, Madison, WI), and the luciferase activity was measured in 20 μL of lysate. Luciferase activity was normalized by β-galactosidase activity measured in 5 μL of lysate, as previously described (28, 29) .
Statistical Methods
Data are expressed as the mean ± sem. Statistical significance was estimated using one-way analysis of variance (GraphPad Prism 5.01, La Jolla, CA). Individual intergroup comparisons were analyzed using the two-tailed, unpaired t test with Welch correction. The analyses were run at a significance level of p value of less than 0.05 (25) .
RESULTS

ODD-Luciferase Mice Showed Profound Global Hypoxia Following LC
Global hypoxia is a major physiologic attribute of LC and is associated with increased nuclear translocation of HIF-1α.
Recently, a mouse model was generated in which a chimeric protein consisting of HIF-1α ODD fused to luciferase was ubiquitously expressed in all tissues. Hypoxic stress leads to the accumulation of ODD-luciferase in the tissues of this mouse model which can be identified by noninvasive bioluminescence measurement. In this study, ODD mice along with uninjured controls were then subjected to an in vivo imaging system (IVIS) to measure the degree of hypoxia 4, 24, and 48 hours after LC. The mice with ODD-linked luciferase showed profound hypoxia especially in the abdominal organs at all-time points after LC (Fig. 1, A and B) . In additional experiments using similar animals, LC was induced and the excised organs (lungs, liver, and spleen) were subjected to IVIS. Our results showed that the bioluminescence in the lung regions is lower when compared with the major hypoxic regions of the liver and spleen at all the time points ( Fig. 1C) .
Lung Homogenates Show Increased Levels of HIF-1α
Following LC Wild-type (C57BL/6) mice were subjected to LC. The lungs of these injured mice along with uninjured controls were harvested at 1, 5, and 24 hours, and HIF-1α expression was determined by Western blot. As seen in Figure 2A , after normalization with Lamin A/B protein, an initial surge in HIF-1α levels was seen at 1 hour after LC which continued to be elevated even at 24-hour time point, compared with the control group.
Acriflavine Administration Inhibits Inflammation and Injury Following LC: the Reduction in Injury Is Not Associated With Increase in Oxidant Generation
Acriflavine, mainly known for its antiseptic properties, inhibits HIF-1α dimerization and prevents its transcriptional activity (30) . In this study, we used acriflavine to examine the role of HIF-1α following LC. Wild-type (C57BL/6) mice received acriflavine at a dose of 10 mg/kg 48 hours prior to LC. We first examined the bronchoalveolar lavage (BAL) albumin level
LC 24H LC 48H Figure 1 . A, Lung contusion (LC) is characterized by global hypoxia. The oxygen-dependent degradation domain (ODD)-luciferase mice along with uninjured controls were subjected to in vivo imaging system (IVIS) to measure the degree of hypoxia or hypoxia-inducible factor activation after LC. The mice with ODD-linked luciferase showed increased luminescence at all-time points after LC. Uninjured control, LC 4 hr, LC 24 hr, and LC 48 hr. B, ODD-luciferase mice placed in ventral position at 4 hr after LC demonstrating increased luminescence, especially in the abdomen. C, ODD-luciferase mice were subjected to LC, and the explanted organs were subjected to IVIS to measure the degree of hypoxia after LC. Lung uninjured and LC 24 hr (A), liver uninjured and LC 24 hr (B), and spleen uninjured and LC 24 hr (C).
www.ccmjournal.org e645 at 5-and 24-hour time points by enzyme-linked immunosorbent assay (ELISA) following LC. As expected, there was a significant increase in the BAL albumin level, an indicator of the extent of permeability injury, in LC-induced mice. As shown in Figure 2B , this effect was reversed by acriflavine administration at the 24 hours but not at an earlier time point (5 hr).
To determine if HIF-1α activation has any role in the production of these mediators after LC, we measured the levels of proinflammatory cytokines, such as IL-1β, IL-6, and Wild-type mice (C57BL/6) showed increased hypoxia-inducible factor (HIF)-1α expression in Western blots following lung contusion (LC). Mice (n = 6) were subjected to LC and the lungs along with uninjured controls were harvested at specified intervals (A). Acriflavine (Acri) administration reduces permeability injury and inflammation after LC. Wild-type (C57 BL/6) mice were pretreated with an intraperitoneal injection of acriflavine at a dose of 10 mg/kg; 48 hr later, the mice were subjected to LC, and permeability injury and inflammation level were determined by enzyme-linked immunosorbent assay as described in monocyte chemotactic protein (MCP)-5. The levels of IL-1β were decreased in the 24-hour acriflavine administered animals subjected to LC, when compared with corresponding control animals (Fig. 2C) . The increase in the levels of IL-6 was not affected by acriflavine treatment for 5 hours, but it was completely abrogated and brought to the control levels by 24 hours (Fig. 2D) . The increased expression of MCP-5 at 24 hours following LC was also significantly inhibited by acriflavine treatment for 24 hours ( Fig. 2E) . Taken together, these data suggest that HIF-1α is functionally important in the mediation of inflammation and injury following LC.
Our recent study suggests that products of tyrosine oxidation are sensitive markers of oxidative injury and may play an important role in LC (11, 31) . To investigate the effect of acriflavine treatment on LC-mediated oxidant production, lung samples were subjected to HPLC/MS/MS, and the levels of nitrotyrosine and dinitrotyrosine, markers of oxidant-mediated lung injury, were measured. However, the results showed that there was no significant difference in the levels of nitrotyrosine and dinitrotyrosine between the acriflavine administered groups and control mice (Fig. 2, F and G) .
Confirmation of Inhibition of HIF-1α Following Doxycycline Administration
To specifically characterize the role of HIF-1α in the type 2 AEC, LC was induced in alveolar type 2 cell-specific HIF-1α cKO [HIF-1α (-/-)] [triple transgenic mice (SP-C-rtTA-/tg/ (tetO)7-CMV-Cretg/tg/HIF-1α flox/flox)] and control mice. In these mice, feeding doxycycline disrupts HIF-1α from type 2 cells. To confirm if doxycycline will induce recombination within the conditional HIF-1α locus, mice were exposed to doxycycline for 7 weeks starting from postnatal day 1. These mice are referred to as HIF-1α cKO mice. The mice referred to as controls throughout the studies are triple transgenic mice that were maintained on regular food and water. The lungs of control and cKO mice were then removed and analyzed for HIF-1α expression via immunohistochemistry. HIF-1α (+/+) mice showed pronounced HIF-1α expression in the Clara cells lining the bronchiole airway and type 2 cells of the alveoli. In contrast, the cKO mice showed a marked decrease in expression in these cells, with only minor staining visible in the bronchiole airway lining cells and little or no staining in the alveoli (Fig. 3A) .
Further confirmation using immunohistochemical staining of surfactant proteins C (SP-C) in lung sections from cKO mice shows decreased expression of HIF-1α particularly in the areas of intense staining with SP-C suggesting the specific nature of recombination in type 2 AEC (Fig. 3B) . These results confirm that postnatal exposure to doxycycline can induce significant recombination of the HIF-1α locus and that the triple transgenic mouse is a viable model to test the role of HIF-1α following LC.
Downregulation of HIF-1α in Type 2 AEC Results in Reduced Lung Injury and Inflammation Following LC
We have previously shown that the acute inflammatory response in LC is responsible for deficits in oxygenation and increases in quasistatic pulmonary compliance and is associated with severe permeability injury (4, 5, 7, 25) . In order to determine the functional aspect of HIF-1α in the extent of mechanical injury following LC, we used cKO mice and the corresponding HIF-1α (+/+) control mice (n = 16). We first examined BAL albumin levels by ELISA at 5-, 24-, 48-, and 72-hour time points following LC. There was a significant decrease in the BAL albumin level, an indicator of the extent of permeability injury due to LC, in the cKO mice when compared with the corresponding HIF-1α (+/+) at all the time points of injury ( Fig. 4A) .
To determine, if HIF-1α activation has any role in the production of pro/anti-inflammatory mediators following LC, we measured the levels of proinflammatory cytokines (IL-1β, IL-6) and MCP-5 chemokines, as well as neutrophilic chemokines macrophage inflammatory protein (MIP)-2 and keratinocyte chemoattractant (KC). The IL-6 levels in the BAL were significantly higher at 5-and 24-hour time points following LC in the control mice compared with the cKO (Fig. 4B) . The levels of IL-1β were significantly lower at 5-and 24-hour time points in the cKO mice subjected to LC when compared with corresponding control (Fig. 4C) . Levels of MIP-2 and KC were also elevated prominently at 5 hours past LC in the control mice (Fig. 4, D and E) when compared with cKO mice. Levels of macrophage chemokine MCP-5 decreased significantly at 48 and 72 hours in cKO mice compared with control mice (Fig. 4F) .
We determined the levels of macrophages and neutrophils in BAL fluid collected from both HIF-1α (-/-) and corresponding wild-type groups at different time intervals using cytospin techniques. The numbers of macrophages were significantly higher at all the time points in the control mice compared with cKO mice (Fig. 4G) . We have previously reported that neutrophils are mechanistically important in driving the acute inflammatory response following LC (5, 24, 32, 33) . At 48 hours post LC, there was a significant increase in neutrophil levels in the control mice when compared with the cKO (Fig. 4H) .
Histological evaluation of the lung tissues suggested that the control mice demonstrated significantly more injury than the cKO mice at all-time points after LC. There was a large area of intra-alveolar hemorrhage in both groups at 5 hours after LC that partially resolved by 24 and 48 hours. However, in the control mice, there were multifocal areas of necrosis and the alveoli were filled with proteinaceous material (fibrin). The alveoli in this area were massively dilated with some loss of alveolar integrity (Fig. 5) . On the other hand, histological features suggested considerably less severe injury in the cKO mice. Taken together, these data suggest that activation of HIF-1α specifically in type 2 AEC contributes significantly to lung injury and acute inflammation following LC.
Alveolar Epithelial Cells Show Increased SP-C Expression in HIF-1α (-/-) Mice Following LC
Surfactant production is an important functional attribute of type 2 AEC. We have previously shown that surfactant dysfunction is responsible for significant physiologic dysfunction in LC (6, 9) . It is also well known that surfactant dysfunction worsens lung injury through various mechanisms, including increased atelectasis, inflammation, and alteration of epithelial integrity (9, 34) . However, the precise regulation of surfactant production by HIF-1α in type 2 AEC in adult-injured lung is currently not known. We examined the surfactant alteration using immunohistochemical analysis of the SP-C in HIF-1α (+/+) and HIF-1α (-/-) mice, following LC. The lung samples were harvested at the 24-and 48-hour time points and were subjected to immunofluorescence staining with surfactant C for epithelial cells (green), HIF-1α (red), and nuclear staining with 4',6-diamidino-2-phenylindole (DAPI). The fluorescent images show significantly more surfactant C staining in the alveolar epithelial cells of the HIF-1α (-/-) mice at 48-hour time point compared with the corresponding control mice (Fig. 6) . There was no significant difference between these mice at 24 hours after LC. These data strongly indicate that downregulation of HIF-1α in type 2 AEC is associated with significant increase in SP-C levels in injured lungs.
HIF-1α in Type 2 AEC Cell Isolates Shows Reduction in Levels of Proinflammatory Cytokines
In a separate experiment, mice were subjected to LC and type 2 epithelial cells were isolated from the lungs of injured animals. Levels of IL-1β, MIP-2, and IL-10 genes were measured by quantitative reverse transcriptase-polymerase chain reaction. These genes play a prominent role in the initiation of acute inflammatory response following LC. We found that the levels of IL-1β after LC was significantly less in the HIF-1α (-/-) mice at all the time points examined, compared with the corresponding HIF-1α (+/+) mice (Fig. 7A) . The expression of MIP-2 was found to be significantly elevated in the HIF-1α (+/+) mice following LC, but this phenomenon was not observed in the knockout mice (Fig. 7B) . The type 2 cells from HIF-1α (-/-) mice showed significantly increased IL-10 transcript levels compared with the corresponding control mice (Fig. 7C) . These results suggest that loss of HIF-1α from alveolar type 2 epithelial and Clara cells of the lungs reduce the inflammatory response following LC.
Effects of HIF-1α Are in Part Mediated Through NF-κBp65
Recent evidence has shown that HIF-1α acts through a known secondary transcription factor, NF-κB (35) , thus suggesting a cross talk and interdependence between NF-κB and HIF-1α signaling. However, the precise regulation of NF-κB activation on HIF-1α in type 2 AEC in the injured lung is currently not known. We examined NF-κBp65 activation in HIF-1α (+/+) and HIF-1α (-/-) mice subjected to LC, using immunohistochemical analysis and Western blot. The lung samples harvested at 24-and 48-hour time points were subjected to immunofluorescence staining for NF-κB (green) and HIF-1α (red), as well as nuclear staining with DAPI (blue). The fluorescent images show slightly reduced intensity of NF-κB staining in the alveolar epithelial cells of the HIF-1α (-/-) mice at 48-hour time point compared with the HIF-1α (+/+) mice ( Fig. 8A) . There was no significant difference in NF-κB staining between those mice at 24 hours after LC.
HIF-1α (+/+) and cKO mice were subjected to LC, and the lungs of these injured mice and uninjured controls were harvested at 24 and 48 hours and assessed for NF-κBp65 activation by Western blot. As seen in Figure 8B , profound expression of NF-κB was seen in HIF-1α (+/+) mice at 48 hours after LC, compared with the control group. Taken together, these results suggest that HIF-1α downregulation of the acute inflammatory response is in part dependent on NF-κBp65.
HIF-1α Activates the Proximal IL-1β Promoter Through a HIF HRE
To explain the HIF-1αinduced interactions at earlier time point of 24 hours, other secondary transcription factors were examined. Sequence analysis revealed the presence of a consensus HRE in the promoter of human IL-1β. In order to investigate whether HIF-1α induces IL-1β expression at the promoter level, we performed luciferase assay in human lung epithelial cell A549, using 1KB of human IL-1β or IL-1β promoter with the HRE mutated. Overexpression of HIF-1α significantly increased the human IL-1β promoter activity, whereas the induction is ablated when HRE is mutated ( Fig. 9) . These data suggest that HIF-1α induces IL-1β expression by directly binding to its promoter and increases its transcriptional activity.
DISCUSSION
There exists a significant gap in the knowledge of factors that are responsible for deterioration of 25-30% patients with LC into severe respiratory failure such as seen with ALI/ARDS. Although hypoxia is a major physiologic consequence of LC, ALI, and ARDS, the precise role of HIF-1α in the pathogenesis of increased permeability or inflammation in the lung remains unresolved. To our knowledge, this study is the first reported study where downregulation of HIF-1α has been studied in animal models of direct lung injury. Specifically, we report that HIF-1α plays a significant role in the progression of lung inflammation and permeability injury following LC. Additionally, the role of type 2 AEC as the primary sentinel cell in the initiation and thereby progression of lung injury has never been fully characterized. There is an evolving concept that these cells are not just innocent bystanders in lung injury but are responsible for production of key regulatory cytokines in addition to surfactant. The current study confirms that downregulation of HIF-1α specifically in type 2 AEC results in significant reduction in lung inflammation and injury.
The critical role of HIF-1α in transcription of various genes involved in cell survival, inflammation, angiogenesis, glycolysis, and iron homeostasis has been well studied (13, 16, 17) . HIF-1α signaling in normal development and physiology is underscored by the embryonic lethality observed in mice lacking HIF-1α, HIF-2α, Arnt, and Vhl (15, 36) . However, there are few reports suggesting that it is a key regulator in lung injury.
In ischemia-reperfusion model of the gut, Feinman et al (37) report that HIF-1α activation is a proximal regulator of gut ischemia-induced lung injury. In addition, the authors using a hemorrhagic shock model reported that HIF-1α activation is necessary for the development of gut injury (37) . Additionally, HIF-1α has also been implicated in increased apoptosis of type 2 cells, a feature observed in ALI/ARDS (38) . Our data confirm the direct role of HIF-1α in the initiation and maintenance of acute inflammatory response in LC.
It is highly likely that it is the hypoxia that is activating HIF-1α in our model. As seen in the IVIS imaging studies with ODD-luciferase mice, there is global hypoxia. We have also reported that hypoxia is a very prominent and early feature in the rodent model of LC. There are other possible activators of HIF-1α. Oxidants and in particular reactive oxygen species are well known activators of HIF-1α (39) . Recently, we have reported that oxidants are responsible for injury and inflammation in LC as well (11) . However, the tandem mass spectrometry data of lack of a difference in levels of dityrosine and nitrotyrosine argue against oxidants being the major activator of HIF-1α.
The mechanism of action of how HIF-1α regulates injury downstream likely involves IL-1β-induced aggregation and activation of neutrophils. Nonselective knockdown of HIF-1α with acriflavine results in less inflammation and reduction in levels of IL-1β. Incidentally, the effects of acriflavine are not specific to HIF-1α as some studies have shown that acriflavine additionally inhibits HIF-2α (30) . A reduction in the permeability injury and acute inflammatory response were observed when selective knockdown of HIF-1α was performed in type 2 AEC. Our laboratory has shown that acute inflammatory response and injury in LC is neutrophil dependent (7) . The www.ccmjournal.org e651 histopathological evaluation and reduction in BAL neutrophil numbers suggest that this is an important finding in our study. Furthermore, type 2 AEC isolation experiments suggest that with HIF-1α downregulation, the levels of IL-1β are reduced to negligible levels. Previous studies have clearly reported on the importance of IL-1β in mediation of acute inflammation as a neutrophilic chemokine in various models of injuries (40) . Additional studies done in our laboratory suggest that KC and MIP-2 are important neutrophilic chemokines in the evolution of LC (7) . Considering that the neutrophil responses in the BAL are only elevated at 48-hour time point even though the neutrophilic chemokines are upregulated at early time points, it is entirely possible that IL-1β is an important mediator of the acute inflammatory response following HIF-1α activation.
The transfection experiments with luciferase reporter assay confirm that HIF-1α induces IL-1β expression by directly binding to its promoter and increases its transcriptional activity. These findings are similar to the observed role in linking inflammation and oncogenesis (18) . The current study also suggests that the role of HIF-1α at least in part is mediated through NF-κB. This effect is particularly seen at the 48-hour time point following LC. This finding is different from other studies that used cell lines where HIF-1αmediated NF-κB is specifically elaborated at much earlier time points (35) . One of the primary functions of type 2 AEC is the production of pulmonary surfactant. Active pulmonary surfactant is required to normalize alveolar stability, compliance, and gas exchange (41, 42) . Our laboratory has previously reported that, LC in both rat and mouse models, is associated with significant reduction in the quantity as well as change in the quality of pulmonary surfactant (6, 9) . The findings presented in this article (Fig. 6 ) suggest that upregulation of SP-C is observed with knockdown of HIF-1α. There are two possible reasons to explain these findings. One reason would be that HIF-1α directly regulates SP-C levels. The other possibility is that the overall reduction in lung injury and inflammation with the knockdown of HIF-1α results in less surfactant inhibition. Although HREs have been reported in SP-C promoter (43), the precise regulation of and direct interactions of these surfactant proteins by HIF-1α in lung injury is unclear.
In conclusion, the data presented in this article provide clear evidence that hypoxic activation of HIF-1α plays a critical role in the regulation of inflammatory response following LC. Additionally, results indicate a critical role for type 2 AEC in the initiation of acute inflammatory response following LC. Inhibition of HIF-1α apvpears to be a durable target for therapeutic modulation in patients with LC and thereby prevents the progression into ARDS. There are a number of small molecules available for use that specifically inhibit HIF-1α through different mechanisms that include prevention of dimerization and nuclear accumulation (summarized) (44) , and some like EZN-2968, an antisense oligonucleotide inhibitor of HIF-1α (ClinicalTrials.gov Identifier: NCT01120288), is currently available in clinical trials. 
